Abstract Men who have sex with men (MSM) are disproportionately affected by HIV globally, regionally in Canada, and locally in Vancouver. Lack of reliable population size estimates of MSM impedes effective implementation of health care services and limits our understanding of the HIV epidemic. We estimated the population size of MSM residing in Metro Vancouver drawing on four data sources: the Canadian Community Health Survey (CCHS), a cross-sectional bio-behavioural MSM survey, HIV testing services data from sexually transmitted infection (STI) clinics serving MSM, and online social networking site Facebook. Estimates were calculated using (1) direct estimates from the CCHS, (2) BWisdom of the Crowds^(WOTC), and (3) the multiplier method using data from a biobehavioural MSM survey, clinic-based HIV testing, and J Urban Health
Introduction
Men who have sex with men (MSM) are disproportionately affected by HIV globally [1] and in North America [2] . In British Columbia (BC), Canada, MSM make up the greatest proportion of prevalent HIV infections, 45% in 2011, and a majority of all new HIV diagnoses, 58% in 2014 [3] . The number of prevalent HIV infections continues to rise in BC secondary to improved survival of persons infected as well as new infections. Meanwhile, the number of new HIV diagnoses among MSM has remained largely unchanged since 2005, while the absolute number of new diagnoses has declined overall in BC [3] . While rates of new diagnoses among men in BC are likely declining due to population growth, it is unknown whether this trend holds among MSM, due to lack of reliable estimates for the MSM population size. Provincially, the disease burden is concentrated in Metro Vancouver where over two-thirds of new infections in MSM were diagnosed in 2014 [3] . Geographic clustering of sexual minority populations to urban centres is a recognized phenomenon [4] . In 2008, it was estimated that 56% of gay men and 47% of bisexual men in Canada live in the large metropolitan areas of Toronto, Montreal, and Vancouver [5] .
Lack of reliable MSM population size estimates impedes effective health service planning and limits understanding of the HIV epidemic. Because sexual orientation has typically not been collected by census data in Canada and globally, MSM have remained a Bhidden population^for which there is no pre-existing sampling frame from which to draw representative samples [6] [7] [8] . Inconsistent sexual orientation measurement definitions (e.g. behaviour vs. identity-based) [9] , challenges to collecting MSM data through surveillance or population studies [10] , and social stigma affecting disclosure and participation [11] may all contribute to this difficulty. Together these factors have impeded an accurate depiction of the HIV epidemic in this high-risk population.
Measuring the size of key populations for HIV and other sexually transmitted infection (STI) prevention activities has proven challenging in most jurisdictions. Estimates of MSM populations, particularly those in urban centres, have been predominately based on population surveys [12] [13] [14] , capture-recapture estimates [15, 16] , and indirect sampling through serodiagnostic databases [17, 18] . Importantly, few studies have integrated population-specific bio-behavioural data with multiple population size estimation methods [16, 19] . More diverse methodology and use of multiple data sources has the potential for a more accurate understanding of the HIVepidemic among key populations, such as MSM [20] [21] [22] .
As HIV continues to be a significant public health concern among MSM in Metro Vancouver, we developed population size estimates for MSM using diverse methods and local data sources.
Methods

Data Sources
National Population-Based Survey
The Canadian Community Health Survey (CCHS) is an ongoing national population-based cross-sectional survey of the health status, utilization, and determinants of the Canadian population over 12 years of age living in private homes with telephone access [23] . Conducted by Statistics Canada, interviewer-administered telephone surveys are completed annually from a random sample of 65,000 respondents over the 110 health regions in Canada and are designed to provide reliable estimates at the health region level, representing approximately 98% of the national population. The CCHS provided 2011-2012 and 2013-2014 weighted estimates of the number of self-identified homosexual, gay, or bisexual men aged 18-59 years old based on the question, BDo you consider yourself to be: 1) heterosexual (sexual relations with people of the opposite sex); 2) homosexual, that is lesbian or gay (sexual relations with people of your own sex); 3) bisexual (sexual relations with people of both sexes)?B
io-behavioural MSM Survey
The Momentum Health Study provided data from a Vancouver-based cross-sectional MSM survey, collected between February 2012 and February 2014 [6] . The study methods have been described further elsewhere [24] . Briefly, participants were recruited via respondentdriven sampling (RDS), were aged 16 or older, identified as men, reported sex with other men in the 6 months prior to baseline, and resided in Metro Vancouver. Momentum provided data for estimates of the MSM population size, in response to the question, BTo the best of your knowledge, how many men who have sex with men, whether they identify as gay or not, do you think live in the Greater Vancouver region?^; the proportion of participants reporting a Facebook profile; and the proportion of participants reporting HIV testing at each of three public sexual health clinics popular among MSM in the 2 years prior to enrollment. Population parameter estimates for variables of interest were generated using weights based on recruiter-recruit homophily and participant social network size, using RDSAT software [25] .
Health Services Access Data
Aggregated data on HIV testing volumes for MSM clients came from the British Columbia Centre for Disease Control (BCCDC), specifically from three BCCDC-supported sexual health clinics serving MSM. The Bute Street Clinic serves the LGBT community, including MSM; Health Initiative for Men (HIM) clinic on Davie Street is located in the Vancouver gay village and predominately serves MSM; and the BCCDC provincial sexual health clinic serves the general population though counts MSM as a large proportion of their patient population. Data were provided for the period September 2011 to February 2014 to overlap with the Momentum study data period.
Online Social Networking Site
Publicly available data from the ad-buying interface of popular online social networking site Facebook provided the number of men with user profiles as of November 2014 who reported being aged 16 to 65 years or older, living within 25 miles of Vancouver, and being Binterested in men^or Binterested in men and womenô n their public profiles.
Methods of Estimation
Direct Weighted Population Estimates
The CCHS provided direct population estimates from the 2011-2012 to 2013-2014 survey cycles for the Vancouver Urban Core (defined as a large urban area around a census metropolitan area with a population of 50,000 or more) [26] , weighted to account for survey design [27] . For the CCHS, we calculated the median estimate of the two survey cycles, to provide a more robust estimate.
Wisdom of the Crowds
Direct estimates of the Metro Vancouver MSM population size were based on the BWisdom of the Crowds( WOTC) method, using responses to the Momentum size of the MSM population question. The WOTC method is based on the perceived size of the local MSM population by MSM survey respondents and has been used to produce plausible MSM population estimates in other settings [19, 28, 29] . It is based on the overall assumption that the population members' estimates of the number of members in the population, from survey responses, approximate the actual number of members in the population [30] and the specific assumptions that (1) population members in a large sample are likely to have unique information about the population and (2) individual responses to a question asked to all respondents in the sample are not influenced by other responses, and when responses are aggregated, outliers are likely to negate each other [19] . For the WOTC, we calculated the median response and the interquartile range.
Calculated Population Estimates
Using indirect or multiplier methods [18, 31] , we calculated population estimates by the formula N = n/p where N is the population size estimate, n is the number of MSM who are members of a particular group at one time (i.e. HIV testers at a specific BCCDC clinic), and p is the proportion of MSM reporting corresponding group membership during the same period (i.e. MSM reporting testing at the specific BCCDC clinic, in the bio-behavioural survey). We used the multiplier method to produce two sets of calculated population estimates, based on HIV testing services and Facebook use, respectively. We calculated 95% confidence intervals for both estimates, based on the RDS-weighted data. We adjusted the health services-based estimates by the average number of tests in the past 2 years reported by Momentum respondents at one or more of the specific sexual health clinics, which represented the 2-year period of study data collected. The denominator for p used all bio-behavioural study participants. We also calculated the median of HIV testing-based estimates, to provide a more robust estimate.
Results
Population Estimates
Direct Population Estimates
All population estimates are presented in 
Discussion
This study provides four primary estimates of the Metro Vancouver MSM population, based on triangulation of four data sources using direct population-based estimates, the WOTC method, and the multiplier method. Taking the median of the four primary estimates shown in Table 1 , we estimate there are approximately 27,183 MSM in Metro Vancouver and as many as 41,777. The use of multiple methods and data sources, particularly integration of local RDS-recruited bio-behavioural MSM survey data for several estimates, strengthens our results.
According to 2011 census data, there are 933,425 men 16 years of age and older in the Metropolitan Vancouver area [32] . Using our median population size estimate, MSM comprise approximately 2.9% of the regional adult male population, with an interquartile range between 1.8 and 3.9%. Though lower, our percentage estimate overlaps with a United States (US)-based meta-analysis of population-based surveys conducted by the Centres for Disease Control (CDC). The meta-analysis of surveys with a Bpast 5-year^sexual behaviour recall period estimated that MSM comprise 3.9% (95% CI = 3.5%, 4.4%) of the US general male population age 13 and older, for 2008 [13] .
All data sources required disclosure of sexual identity, attraction, or behaviour and as such may be vulnerable to reporting bias [33] . This limitation may be more pronounced for the online social networking data which required public disclosure of gender and sexual attraction in order to be included in our estimate and for the government-sponsored population survey data which collected gender and sexual identity via governmentsponsored interviewer-administered questionnaire. Further, these sources did not force response to gender and sexual orientation items; thus, estimates are based only on the proportion of respondents who chose to disclose. For these reasons, population estimates based on the social networking and population survey data may be vulnerable to underreporting bias and thus underestimate the t rue MSM populat ion size. Such underreporting bias would be consistent with the Facebook data providing a lower estimate than the median of all estimates; however, the CCHS provided an estimate slightly higher than the overall median.
According to a 2014 web-based survey of 8382 Canadian gay and bisexual men, approximately 30% reported they would be unwilling to disclose their sexual identity on a government survey [34] . If this sensitivity was applied to the CCHS data, it would increase the estimate from 30,605 to 39,787. Our behaviour-based estimates, using the WOTC method and HIV testing data, may also be vulnerable to underreporting or misclassification. Specifically, self-reported same sex behaviour estimates may have a sensitivity of approximately 60-90% [35, 36] . If applied to our HIV testing services-based median estimate, which used clinic data measuring MSM based on voluntary disclosure of behaviour, the sensitivity range provides estimates of 45,955 to 58,488.
The bio-behavioural survey design may have minimized potential bias through the use of RDS for peer-topeer recruitment and computer-assisted self-interview (CASI), which has been shown to minimize reporting bias [37, 38] . RDS and CASI use may have also served to improve validity of the WOTC estimate, which can be susceptible to social influence [39] . Though the median is used for this estimate, as it is least influenced by outliers, the WOTC method produced our lowest population size estimate, 10,000 (IQR 200-75,000). If there had been a more normal distribution of responses, WOTC may have produced a more plausible estimate. These estimates must be interpreted as a fixed view of this population over the study time period, 2011 to 2014, as one or all of the components of sexuality may change over the life course [40] . Relatedly, data sources employed various sexual orientation dimensions (e.g. attraction, behaviour, identity). Momentum used a sexual behaviour-based measure, as did HIV testing data, likely capturing Bmen who have sex with men^. This is consistent with providing our largest estimate based on HIV testing data using the multiplier method. Facebook data, based on Binterest in^men, or both men and women, used most closely a global attraction measure and potentially captured the widest group. However, this source provided one of our lowest estimates, likely vulnerable to the disclosurerelated limitations previously discussed, as well as inability to adjust for MSM who disclose interest in men on their Facebook profiles rather than any Facebook profile in the estimation denominator. The CCHS used sexual identity and likely collected data on gay and bisexual-identifying men, potentially missing those who are sexually active with other men though may identify as other than Bhomosexual^or Bbisexual^. These discrepant measures may be employed for good reason (e.g. data collection efforts related to HIV prevention and transmission would be more interested in behaviour-based measures); however, the use of a particular measure is not always ideal for its purpose. Specifically, as an identity-based measure, the CCHS both captures those gay and bisexual men who are not sexually active (thus, presumably of less interest in terms of HIV transmission) and fails to capture those MSM who do not identify as gay or bisexual (who are of interest in terms of HIV transmission). These inconsistencies suggest the potential benefit of the addition of a behaviour-based sexual orientation measurement to the CCHS, an important resource for health surveillance and population research in Canada, as others have called for [41] .
HIV-Positive Subpopulation
An important application of MSM population size estimates is in informing accurate assessment of the scope and burden of HIV among this key population, and corresponding public health and healthcare services planning. We can apply the RDS-weighted serologic testing-based Momentum HIV prevalence, 23.5%, to our overall median population estimate to estimate the number of HIV-positive MSM in Metro Vancouver, resulting in 6388. Though no other estimate of the HIV-positive MSM subpopulation in Metro Vancouver is available for comparison, 2011 provincial estimates are available from a Public Health Agency of Canada (PHAC) estimation effort using the workbook method [42] with provincial surveillance and census data [3] . According to PHAC, there were approximately 4950 (range 3900-6000 cases) HIV-positive MSM across the province of British Columbia in 2011. While the majority of HIV-positive MSM in BC reside in the Vancouver area [3] , it is not plausible that the number of HIV-positive MSM in Metro Vancouver could be greater than the total number of HIV-positive MSM in the province. While the RDS methodology applied in the Momentum Study is designed to identify and allow statistical adjustments in recruiting biases, it is unlikely that it completely eliminates all biases. Momentum may overestimate HIV prevalence among MSM in Vancouver and thus produce an overestimate of the HIVpositive MSM subpopulation, as well.
Limitations
This study has a number of limitations, largely due to biases in individual data sources, potentially exacerbated by the use of the selected methods to estimate this hidden population. Each data source has limitations in the ability to sample all MSM in the true population (e.g. it may not be culturally normative to publicly display gender identity or sexual attraction on online social media sites, which may have led to an underestimate based on these data).
Lack of a gold-standard method for estimating Bhidden^populations makes it difficult to assess the accuracy of our estimates and identify which estimate may come the closest to accurately measuring the underlying MSM population. Future efforts to estimate the size of regional and national MSM populations in Canada would be improved by systematic collection of MSM-specific data. Population size estimates would be more robust with standardization of sexual orientation measures used and inclusion of multiple questions measuring the various elements of sexual orientation, across data sources.
To counterbalance potential limitations, we used diverse estimation methods and data sources. The CCHS is an ideal data source for this estimation exercise as the government-sponsored population-based survey is robustly designed to produce reliable regional estimates [43] . Importantly, we relied on RDS-recruited bio-behavioural data for a number of estimates. The use of RDS is designed to produce a more representative sample than other probability sampling methods [44, 45] , though representation of the underlying population cannot be independently confirmed. While RDS allows for measurement and adjustment for recruitment-related biases, it is not possible to adjust for all potential sampling biases. Specific to Momentum, there were challenges to producing long recruitment chains, necessary to penetrate diverse respondent networks and gain independence from the purposively selected initial Bseed^recruits.
Despite these limitations, this study provides critical local data on the size of the Metro Vancouver MSM population, as well as making an important contribution to the application of these methods to the estimation of regional key population size. These data have already had [3] and will continue to have practical application for public health planning and policy in the assessment of disease burden and allocation of healthcare resources for this key population for HIV prevention and control.
